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IMPLICATIONS FOR THE SPACE SHUTTLE 
By R. A. Gardiner and G. Xenakis 
NASA Manned Spacecraft Center 
Houston, Texas 77058 
INTRODUCTION 
The electronic systems for the NASA manned-spacecraft programs have 
varied from the relatively simple systems used in Project Mercury to the 
much more sophisticated systems developed for the Apollo Program. 
increase in sophistication has been in consonance with the progressively 
increasing requirements in these programs and with the electronic state- 
of-the-art characteristic of the time period of each program.' 
of this paper is to compare the electronic systems used in these programs 
This 
The purpose 
on a subsystem by subsystem basis and to consider any apparent trends or 
unique characteristics in the context of the known requirements for the 
space shuttle. The four spacecraft considered are the Mercury spacecraft, 
the Gemini spacecraft, the Apollo lunar module (LM) , and the Apollo com- 
mand and service module (CSM) 
The mission characteristics for each spacecraft program pertinent to 
the avionics systems are first compared; then the developmental schedules 
of each program are considered briefly to lay a basis for the subsequent 
2 
discussion. The electronics systems compared in this paper are the 
following 
1. 
2 .  
3. 
4. 
5. 
6 .  
7. 
8. 
Power generation and distribution 
Guidance and navigation 
Stabilization and control 
Display and control 
Caution and warning 
Sequencing 
Instrument at i on 
Communication and tracking 
For each subsystem, a table of basic characteristics for  the four 
spacecraft is presented and is used for a comparative discussion. In- 
cluded in the discussions are some considerations of the subsystem re- 
dundancies. After the discussion of each subsystem, a comparison of the 
weight of the electronic subsystems is made for each spacecraft. Finally, 
the unique avionic characteristics and trends are summarized and the im- 
plications for the shuttle are briefly discussed. 
MISS ION CHARACTERISTICS 
As shown in table I, the basic "-day mission for the space shuttle 
is encompassed by the mission durations of the previous spacecraft. The 
shuttle is to be manned 
booster, if the booster 
of previous experience. 
by a crew of two in the orbiter and two in the 
is manned. This factor is also within the realm 
However, the shuttle is to carry 10 passengers, 
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which i s  a new factor .  The s h u t t l e ,  l i k e  the  Mercury and Gemini space- 
c r a f t ,  w i l l  be a low-altitude, low-orbital-energy, and thus low- 
atmospheric-entry-velocity vehicle ra ther  than one with high energy, such 
as the  Apollo spacecraft .  
ear th  o r b i t  t h a t  could reach synchronous ear th-orbi ta l  a l t i t udes  i n  which 
they would approach t h e  Apollo o r b i t a l  enerm.  
velocity-change (AV) comparison i s  in t e re s t ing  because t h e  1500- t o  
2000-ft/sec on-orbit AV fo r  the  shu t t l e  added t o  the  AV increment, 
which must be applied and guided by t h e  second s tage,  w i l l  exceed the  
maneuver AV of any of t he  previous spacecraf t ,  including t h e  higher- 
orbital-energy Apollo spacecraft .  O f  course, t h i s  increase results from 
the  s h u t t l e  o rb i t e r  design charac te r i s t ic  of serving as i t s  own second 
booster s tage.  
However, t h e  s h u t t l e  may del iver  payloads t o  
The spacecraft-maneuver 
The shu t t l e  w i l l  have a somewhat higher o r b i t a l  inc l ina t ion  than 
t h a t  of previous U.S.  spacecraft  because it i s  t o  be designed t o  rendez- 
vous and dock with the  space base,  which w i l l  have a 55O inc l ina t ion  
o r b i t .  The atmospheric cross-range maneuver capabi l i ty  of t h e  shu t t l e ,  
which i s  ye t  t o  be decided, could be l imited t o  t h a t  of the Gemini space- 
c r a f t  (or Apollo spacecraft  i n  low-altitude ear th  o r b i t ) ,  or it could be 
as much as 1500 naut ica l  miles, depending on the  f i n a l  configuration 
chosen. The shu t t l e ,  because it i s  t o  land on runways, w i l l  have a 
landing-accuracy requirement th ree  orders of magnitude b e t t e r  than t h a t  
achieved by the  Gemini or Apollo spacecraft .  
present t h a t  t he  s h u t t l e  w i l l  have an extravehicular-activity (EVA) 
requirement e 
It is  not ant ic ipated a t  
5 
DEVELOPMENTAL SCHEDULES 
'c- 
The developmental schedules of the  th ree  programs are  shown i n  f ig-  
ure 1. 
cia ted  subsystems s t a r t e d  at the  milestone labe l led  "Contract signed." 
A t  t h i s  point ,  de f in i t i ve  spacecraft  and subsystem concepts had evolved 
from t h e  preliminary design and trade-off s tudies .  
was developed using 1958-1959 technolo&y, the  Gemini spacecraft  with 
1961-1962 technology, and the  Apollo spacecraft  with 1964-1965 technolog- 
i c a l  s t a t e  of t he  art. 
t he  first manned f l i g h t  ranged from approximately 2 years on Project 
Mercury t o  3-1/4 years i n  t h e  case of t h e  Gemini Program t o  7 years and 
6-1/2 years,  respect ively,  f o r  t he  Apollo CSM and LM. 
In  each case,  t he  d e t a i l  design of the spacecraft and the  asso- 
The Mercury spacecraft  
The time from the beginning of d e t a i l  design t o  
ELECTRICAL POWER SYSTEM 
Silver-zinc b a t t e r i e s  were t h e  so le  source of e l e c t r i c a l  power i n  
t h e  Mercury spacecraf t ,  whereas a combination of si lver-zinc b a t t e r i e s  
and hydrogen-oxygen fue l  c e l l s  w a s  used i n  the  Gemini spacecraf t .  The 
LM a l so  has only s i lver-zinc b a t t e r i e s ,  while the  ba t te ry l fue l -ce l l  com- 
bination i s  used i n  the  CSM ( t ab le  11). 
powerplants could produce as much as 1 kilowatt of  power. 
plant  had three  independent sect ions t h a t  could be individually t i e d  t o  
the  power buses. 
powerplants i s  400 watts t o  1 - 4 2  kilowatts.  
independently switched t o  the  power buses by t h e  crew. 
Each of the  two Gemini fue l -ce l l  
Each power- 
The normal power range f o r  each of the  CSM fue l -ce l l  
Each powerplant can be 
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O f  t h e  four spacecraft ,  only the  CSM has an onboard ba t te ry  charger. 
O f  t he  th ree  main batteries and two pyrotechnic ba t t e r i e s ,  only t h e  main 
batteries can be charged. In  t h e  CSM, t h e  main ba t t e r i e s  are used t o  
supplement t h e  fuel-cel l  power output during peak demands. In  t h e  LM, 
the  ascent-stage ba t t e r i e s  a re  used i n  p a r a l l e l  with the  descent-stage 
batteries during lunar  descent t o  ensure adequate voltage leve ls .  In  
both of these spacecraf t ,  r e l a t ive ly  sophisticated electrical-power con- 
t r o l  techniques are used i n  which high and low voltage,  reverse current ,  
and overtemperature conditions a re  sensed. In  some cases,  switching is 
accomplished automatically; i n  others ,  t he  caution and warning system 
alerts t h e  crew. In  t h e  Mercury and Gemini spacecraf t ,  t h e  power sources 
were used more independently and sequentially.  Diodes were used f o r  
reverse-current protect ion,  but crew displays were pr incipal ly  "c i rcu i t  
on" indicators  
In  the  Gemini spacecraf t ,  t he  pyrotechnic batteries were separate 
and i so la ted  from the  main ba t t e r i e s ,  as they a re  i n  the  CSM and LM. The 
Gemini spacecraft  had three  pyrotechnic ba t t e r i e s ,  t h e  CSM has two, and 
the  LM has two. The Mercury spacecraft  had a separate,  i so la ted  ba t te ry ,  
which w a s  fo r  emergency squib f i r i n g  and for  emergency power t o  other 
c i r cu i t s .  In  t h e  Gemini spacecraf t ,  as i s  presently the  case i n  the  
CSM, the  main ba t t e r i e s  could a l so  be used t o  back up the  pyrotechnic 
b a t t e r i e s B  Character is t ical ly ,  i n  t h e  Gemini spacecraft ,  power f o r  i n i -  
t i a t i n g  pyrotechnical functions w a s  provided simultaneously from two 
separate power sources. This redundancy w a s  car r ied  over t o  the  CSM 
and LM* 
9 
A 
The Gemini spacecraft  was the  only one of t h e  four spacecraft  t h a t  
has not had cent ra l ized  alternating-current (ac ) power conversion and 
d is t r ibu t ion .  Only direct-current (dc ) power w a s  d i s t r ibu ted ,  and local-  
ized dc-to-ac inver te rs  were used i n  those subsystems requiring ac power. 
I n  t he  CSM and the  LM, as w a s  t he  case i n  the  Mercury spacecraf t ,  
400-hertz, 115-volt central ized inver te rs  a re  used t o  provide ac power 
t o  the  subsystems v i a  ac buses. The two primary inverters  i n  the  Mercury 
spacecraft  (150-volt-ampere and 250-volt-ampere capacity ) were backed up 
by a 250-volt-ampere standby inver te r .  
1250-volt-ampere inver te rs  a re  used, any one of which can satism all of 
the  spacecraft  ac power requirements. The LM has two inve r t e r s ,  each of 
which can provide the  t o t a l  power requirement. 
In  the  CSM, three  iden t i ca l  
In  the  Mercury spacecraf t ,  multiple (main, standby, and i so l a t ed )  
buses were used t o  d i s t r i b u t e  dc power. 
and c o d d  be t i e d  t o  the  24-volt standby and i so la ted  buses. 
12-, and 18-voit standby buses and the  6- and 18-voit i so l a t ed  buses were 
independent and could not be interconnected. 
each powered by a main inver te r .  
or  both of the  ac buses. 
a s ingle  dc control  bus, and two redundant dc squib buses were used. 
ac buses were used, The CSM has two redundant main dc buses powered by 
the  th ree  fue l  c e l l s  or by the  th ree  b a t t e r i e s .  
equipped with three  ba t t e ry  buses t h a t  can be powered by two of the  
The main bus operated a t  24 vol t s  
The 6-, 
Two ac buses were used, 
The standby inver te r  could feed e i t h e r  
I n  the  Gemini spacecraf t ,  a s ingle  dc main bus, 
No 
I n  addi t ion,  the  CSM is 
. b a t t e r i e s ,  a nonessential  system bus t h a t  can be powered by the  main bus 
or by two of the  b a t t e r i e s ,  and a f l i g h t  and postlanding bus t h a t  can be 
powered from t h e  main bus or from t h e  ba t t e r i e s .  
technic buses has a separate ba t te ry  and i s  i so l a t ed  from t he  rest of 
t he  e l e c t r i c a l  power system. Two ac buses are used i n  t h e  CSM. The LM 
has two redundant dc buses and two redundant ac buses. Most subsystems, 
par t icu lar ly  the  c r i t i c a l  ones, can receive power from both ac or both 
dc buses. The LM has two explosive-device (pyrotechnic) buses each 
powered by a separate ba t te ry .  Each explosive function i s  accomplished 
by two separate car t r idges,  each f i r e d  by one of t h e  pyrotechnic buses. 
Each of t he  two pyro- 
Power relays were used f o r  power switching i n  t h e  Mercury and Gemini 
spacecraft ,  as they are i n  t h e  CSM and LM. 
motor switches f o r  inver te r  switching, for  switching the  s t ab i l i za t ion  
and control  system (SCS) j e t  commands from t h e  service module (SM) jets 
t o  the  command module ( C M )  j e t s  when the  vehicles are separated, and fo r  
other switching flmctions. 
In  addition, t he  CSM has 
The Gemini spacecraft  w a s  equipped with c i r c u i t  breakers f o r  c i r c u i t  
protection, as a re  the  CSM and LM. Fuses and fuse switches were used 
i n  the  Mercury spacecraft;  but f o r  some c r i t i c a l  abort functions,  so l id  
connectors were used i n  l i e u  of fusing. 
NAVIGATION AND GUIDANCE 
Ground tracking w a s  used i n  the  Mercury and Gemini spacecraf t ,  as 
it is  i n  t h e  CSM and LM, f o r  on-orbit navigation ( t ab le  111). 
spacecraft ,  l i k e  the  LM, a l so  had t h e  a b i l i t y  t o  propagate t h e  ground- 
generated s t a t e  vector i n  the  onboard computer t o  predict  fu ture  posit ion.  
The Gemini 
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The CSM a l so  has t h e  capabi l i ty  of making onboard star-horizon and star- 
landmark measurements t o  determine and re f ine  i t s  s t a t e  vector. The 
Mercury spacecraft  had no launch-vehicle guidance capabi l i ty ,  but the  
Gemini navigation and guidance system backed up the  first- and second- 
stage launch-vehicle guidance system, and the CSM can back up a f a i l u r e  
of t he  Saturn launch-vehicle gimbaled i n e r t i a l  measurement uni t  (GIMU) . 
The LM launch-vehicle guidance from t h e  lunar surface in to  lunar o rb i t  
i s  accomplished by t h e  primary guidance, navigation, and control system 
(PGNCS) and i s  backed up by the  abort guidance system (AGS) .  
The Gemini onboard computer solved the  rendezvous equations using 
ta rge t ing  information from the  ground and the  inputs from the  rendezvous 
radar. This is  a l so  the  case with the  LM. The CSM has no radar but uses 
ta rge t ing  information from the  ground and line-of-sight angles (refer- 
enced t o  the  i n e r t i a l  measurement uni t  ( I M U ) )  generated with a manually 
operated sextant t o  solve the  rendezvous equations. The CSM rendezvous 
capabi l i ty  i s  a backup t o  the  LM capabi l i ty ,  which i s  primary. The first 
Apollo manned rendezvous w a s  a CSM op t i ca l  rendezvous. 
high-frequency (vhf)  communications l i n k  is  used as a supplementary source 
of range information fo r  t he  rendezvous. The Mercury spacecraft ,  of 
course, had no rendezvous capabi l i ty ,  nor did it have an entry guidance 
capabi l i ty ,  because it flew a b a l l i s t i c  entry t ra jec tory .  Primary earth- 
re turn ta rge t ing  w a s  accomplished by ground tracking f o r  t he  Mercury and 
Gemini spacecraf t ,  as i t - i s  f o r  t he  CSM. The CSM can a l so  accomplish 
earth-return ta rge t ing  on board. 
The LM/CSM very- 
A 
The Mercury spacecraft  had no navigation and guidance system 
such; t he  sensors were a l l  par t  of the SCS. The two body-mounted 
scopes (ve r t i ca l  and d i rec t iona l )  were free gyroscopes t h a t  could 
13 
as 
gyro- 
be 
slaved using t h e  outputs of each of the s ing le  degree-of-freedom (pi tch 
and yaw) horizon-sensor heads. In  addition, th ree  r a t e  gyroscopes were 
used f o r  flight-control-system damping, and an accelerometer switch 
with a threshold of O.O5g w a s  provided t o  indicate  entry i n i t i a t i o n .  
None of t h i s  sensing equipment w a s  redundant. A s ing le  GIMU having 
four gimbals, a computer having a memory containing 4096 39-bit words, 
two two-axis horizon-scanner heads, a 180-nautical-mile-range rendez- 
vous radar, and two three-axis rate gyroscope packages const i tuted the  
guidance, navigation, and control sensing equipment on the  Gemini space- 
c r a f t .  
s t ab i l i za t ion  and control equipment was duplicated. The l a t e r  Gemini 
f l i g h t s  (GT-8 and the  subsequent Gemini missions) a l s o  had an auxi l iary 
tape memory i n  which addi t ional  computer programs could be stored and 
read in to  t h e  core memory of t he  computer fo r  use when required. The 
programs were s tored  on the  tape i n  a t r i p l y  redundant form, and a 
majority voting scheme w a s  used t o  minimize t h e  bit-dropout problem when 
t ransfer r ing  a program from the  tape t o  t h e  core memory of t he  computer. 
The navigation and guidance system was simplex, but  most of t he  
The CSM and t h e  LM use iden t i ca l  primary guidance, navigation, and 
control systems consisting of a three-gimbaled IMU; a computer having a 
fixed memory of 36 864 16-bit words and an erasable memory of 2048 
16-bit words ; an electroluminescent computer display and keyboard (DSKY) 
(two i n  the  CSM); and identical. power supplies,  platform e lec t ronics ,  
14 
and interfacing equipment. 
and thrust-vector-control d i g i t a l  autopi lots  are used i n  t h e  PGNCS com- 
puter as t h e  primary means of spacecraft  control.  The LM PGNCS guidance 
function i s  backed up by an AGS, which consis ts  of a strapdown i n e r t i a l  
measurement uni t  ( S I N )  and a 4096-word computer with i t s  own display 
and keyboard. The LM a l so  uses a s ingle  three-axis rate gyroscope pack- 
age f o r  the  s t ab i l i za t ion  and control  function and a landing radar fo r  
use during t h e  terminal lunar descent. 
i s  backed up by the  analog SCS, which uses pulse-torqued body-mounted 
a t t i t ude  gyroscopes as an a t t i t ude  reference and a panel-mounted X-axis 
accelerometer feeding a AV counter as an incremental velocity indi-  
cator.  Two t r i a d s  of body-mounted a t t i t u d e  gyroscopes are provided. 
One set  i s  normally used i n  an att i tude-sensing mode but can be switched 
t o  a rate-sensing mode t o  back up the  other body-mounted-attitude- 
gyroscope package, which normally provides rate information, i f  required. 
In  both t h e  LM and t h e  CSM, att i tude-control 
The CSM PGNCS guidance function 
I n  the  Gemini spacecraf t ,  t h e  outputs of t he  horizon scanners and 
gyrocompassing were used for a l in ing  t h e  G I N .  In  t he  CSM, e i t h e r  t he  
scanning telescope, which has a unity power, or t h e  sextant ,  which has 
an op t i ca l  power of 28, i s  used fo r  G I N  alinement s t a r  sightings.  The 
scanning telescope has a s ingle  a r t i cu la t ed  l i n e  of s igh t ,  and the  sex- 
t a n t  has two l i n e s  of s igh t :  one i s  fixed t o  t h e  spacecraft  and the  
other i s  a r t icu la ted .  The two instruments have a computer angle read- 
out and a re  slaved together.  "hey can a l so  be used independently. The 
sextant is  a l so  used t o  make star-horizon and star-landmark measurements 
f o r  o r b i t a l  navigation purposes and line-of-sight measurements t o  the  
15 
LM for  rendezvous. 
ment op t i ca l  telescope fo r  GIMU alinement sightings.  
e i t h e r  i n  f l i g h t  or on t h e  lunar surface.  The information i s  read out 
manually and entered in to  the  PGNCS computer v i a  the DSKY. 
The LM has a 60° f i e l d  of view, unity-power, a l ine-  
It can be used 
STABILIZATION AND CONTROL 
The s t ab i l i za t ion  and control  charac te r i s t ics  for t he  four space- 
The control-system organizations f o r  the  c r a f t  a re  shown i n  t ab le  I V .  
Gemini and Mercury spacecraft  were similar t o  each other  and t o  those 
now i n  use fo r  the  CSM and LM. I n  general, control-system electronics  
fo r  t he  Gemini and Mercury spacecraf t ,  as f o r  t h e  CSM and LM, were 
analog and were interfaced with the  reaction control  system (RCS)  j e t  
solenoids and any servoactuators i n  the  system through dr iver  amplifiers.  
Any je t - se lec t  logic  w a s  included i n  t h e  control-system electronics  a 
The system w a s  moded from the  cockpit t o  close the  control loops around 
any of the avai lable  control references such as body-mounted gyroscopes 
i n e r t i a l  measurement un i t s ,  horizon scanners, and so  on, and t o  accept 
commands from sources such as the  ro ta t iona l  hand cont ro l le rs ,  onboard 
computers, and, i n  some cases, from the  ground. Also, t he  LM and CSM 
use d i g i t a l  autopi lots  i n  the  computers t o  close the s t ab i l i za t ion  and 
control loops. 
these vehicles.  Jet-select  logic  i s  included i n  the  d i g i t a l  autopi lot  
( D A P )  and allows t h e  system t o  operate more e f f i c i en t ly  than do the  
analog systems because, with the  DAP, f i r i n g  j e t s  i n  opposition and thus 
wasting fue l  is avoided. This usually cannot be avoided with t h e  analog 
In  f a c t ,  t h i s  method i s  the primary control  path fo r  
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systems. The commands from the DAP t o  t he  jets or t h e  servoactuators 
s t i l l  go through t h e  driver-amplifier portion of the  control e lectronics .  
An addi t ional  advantage of the  DAP system is  t h a t  changes i n  gains or 
f i l t e r i n g  can be made with software changes ra ther  than with hardware 
changes as i n  t h e  analog system. 
The Mercury spacecraft  had only a local-ver t ical  reference frame, 
which w a s  provided by a combination of roll and pi tch horizon scanners 
and v e r t i c a l  and d i rec t iona l  f r ee  gyroscopes. The Gemini spacecraft  
used a loca l -ver t ica l  reference frame provided e i the r  by t h e  GIMU alined- 
by-horizon sensors (with azimuth provided by gyrocompassing) or by the  
p i tch  and roll horizon scanners alone (with t h e  azimuth axis  unconstrained 
i n  a t t i t u d e  but r a t e  l imi ted) .  
an automatic 
controlled line-of-sight reference frame using t a rge t  elevation and a z i -  
muth information from the rendezvous radar and roll information from the  
GIJMU. This l a t t e r  reference frame was used fo r  a l l  rendezvous missions 
because the Gemini rendezvous radar w a s  body-fixed and boresighted t o  
the  spacecraft  X-axis. Neither t he  LM nor t he  CSM uses horizon sensors;  
and, although a loca l -ver t ica l  reference could have been provided com- 
putat ional ly  with a software routine i n  t h e  PGNCS computer ( t h i s  capa- 
b i l i t y  i s  current ly  being programed in to  the  computers i n  t h e  Skylab 
Program command and service modules), t he  p r io r i ty  fo r  t h i s  reference 
w a s  low enough t h a t  it w a s  not included i n  t h e  fixed memory. However, 
a un i t  ca l led  t h e  o r b i t a l  r a t e  display,  ear th  and lunar (ORDEAL) i s  in- 
cluded i n  both the  LM and CSM. This un i t  e l e c t r i c a l l y  drives the  f l i g h t  
The Gemini spacecraft  a l so  had available 
i n e r t i a l l y  fixed att i tude-reference frame and a manually 
18 
di rec tor  a t t i t ude  indicator  (FDAI) i n  p i tch  t o  provide a loca l -ver t ica l  
reference display. 
or lunar  o rb i t s .  
LM is  the  i n e r t i a l  reference provided by the  spacecraft i n e r t i a l  sensors. 
Controls on the  unit allow t h e  select ion of ear th  
The pr inc ipa l  control  reference frame i n  the  CSMand 
The Mercury spacecraft  had a three-axis r a t e / a t t i t ude  display with 
three rate needles and three a t t i t u d e  needles. The Gemini spacecraft  
had redundant f l i g h t  d i rec tor  a t t i t u d e  indicators  as do the  CSM and LM. 
Manual control  inputs were provided by means of three-axis ro ta t iona l  
hand control lers  i n  the  Mercury and Gemini spacecraf t ,  as i n  t h e  CSM 
and LM, Three-axis t r ans l a t iona l  control lers  were used i n  t h e  Gemini 
spacecraft  as they are i n  the  CSM and LM. Both ro t a t iona l  and t rans la -  
t i o n a l  hand control lers  a r e  redundant on the  LM. The CSM has two rota- 
t i o n a l  hand control lers  and one t r ans l a t iona l  cont ro l le r ,  and the  Gemini 
spacecraft  w a s  equipped with one of each. 
w a s  unique i n  t h a t ,  i n  addition t o  the  acceleration commands it provided 
by closing l i m i t  switches t o  f i r e  the  primary RCS th rus t e r s  and i n  addi- 
t i o n  t o  t h e  rate-command input t o  the  automatic SCS, the  hand cont ro l le r  
had a d i r ec t  mechanical linkage t o  t h e  valves of an independent RCS f o r  
emergency use. 
control modes avai lable  t o  t h e  crew, as did t h e  Gemini spacecraft .  The 
LM and the  CSM have separate solenoid c o i l s  i n  t h e  thrus te r  valves; these 
co i l s  a r e  energized by the  direct-control-mode switch closures i n  t h e  
hand control lers .  
The Mercury hand cont ro l le r  
The LM and CSM have rate-command, pulse,  and d i rec t -  
The Gemini d i r ec t  mode bypassed t h e  control  e lectronics  
19 
, 
and energized the  s ing le  set  of solenoid 
The LM and CSM a l so  have an accelerat ion 
co i l s  i n  the  t h r u s t e r  valves. 
command avai lable  by def lect-  
ing the  hand cont ro l le rs  beyond preset  l i m i t s .  
The Gemini analog-control-system e lec t ronics ,  including the solenoid 
dr ivers ,  power supplies,  and rate-gyroscope packages, were duplicated.  
The duplicate equipment w a s  wired i n  as spares t h a t  could be selected 
by panel switching. 
t h rus t e r s  were independent of t he  25-pound at t i tude-control  t h rus t e r s .  
The t r ans l a t ion  th rus t e r s  could be f i r e d  only with the manual mneuver- 
ing cont ro l le r ,  which applied de voltages d i r ec t ly  t o  the  t h r u s t e r  co i l s .  
Sixteen 100-pound th rus t e r s  on t h e  LM and SM provide both t r ans l a t iona l  
and ro t a t iona l  control.  The 12 th rus t e r s  on the  CM provide only rota- 
t i o n a l  control.  Ei ther  t h e  d i g i t a l  autopi lots  or t he  je t - se lec t  log ic  
i n  t h e  LM and CSM analog s t a b i l i z a t i o n  and control  systems can be used 
t o  f i r e  the appropriate j e t s  for the  required functions. The LM has 
two sets of  solenoid dr ivers  f o r  the  th rus t e r s ;  the  CSM has one s e t .  
The s i x  100-pound and two 85-pound t r ans l a t ion  
The primary means for a l t e r i n g  the  veloci ty  vector of t h e  vehicle 
a re  t h e  service propulsion system (SPS) engine on the  CSM and the  descent 
and ascent engines on the  LM. The SPS engine i s  gimbaled, and electro-  
mechanical servoactuators can be controlled e i t h e r  by the  DAP, by the  
SCS, or i n  a d i r ec t  mode by the  p i l o t .  The LM descent engine i s  gimbaled 
only for trimming out misalinements with the  center of gravi ty .  
electromechanical t r i m  servoactuators can be driven e i the r  by the  des- 
cent DAP or by the  SCS. 
The 
Short-period a t t i t u d e  control  with the  f ixed  
20 
ascent engine i s  provided during both lunar descent and lunar ascent by 
use of t h e  LM att i tude-control th rus te rs .  
DISPLAYS AND CONTROLS 
The display and control panels ( t ab le  V) show a marked increase i n  
s i z e  and complexity from those on t h e  Mercury spacecraft  t o  those used 
on the  CSM and LM. 
panels arranged as a main panel i n  f ront  of t he  p i l o t  and r igh t  and l e f t  
consoles. The Gemini spacecraft  had seven panels arranged as a center 
panel, a center console, a center overhead switch and circuit-breaker 
panel, command p i l o t  and p i l o t  panels, and r igh t  and l e f t  circuit-breaker 
panels, P i lo t ing  functions were concentrated at t h e  l e f t ,  or command 
p i l o t  s , s t a t i o n ;  engineering (e .g. ,  electrical-power control)  and navi- 
gation functions were concentrated at t h e  r i g h t ,  or p i l o t ' s ,  s t a t ion .  
This same pat tern tends t o  be maintained i n  the  CSM and LM. On t h e  
The Mercury spacecraft had three  r e l a t ive ly  s m a l l  
Gemini spacecrar t ,  e i t h e r  crewmember could manipulate switches and knobs 
a t  t h e  other crewman's s t a t ion  by use of a "swizzle s t ick"  s tored over- 
head. This capabi l i ty  w a s  important because the  vehicle w a s  operated by 
one crewman during the  Gemini extravehicular a c t i v i t i e s  e The majority 
of the  CSM displays and controls are located on the  main dlsplay console, 
which faces the  three  crewmen when they are  i n  t h e i r  couches and which 
i s  made up of 2 1  separate panels. 
3 feet high with two 3- by 2-foot wings on e i the r  s ide.  Other panels 
are located i n  t h e  lower equipment bay, where the  guidance and navigation 
The console i s  nearly 7 f ee t  long and 
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equipment i s  located,  and i n  t h e  right and l e f t  equipment bays, where 
the  environmental control  system and waste management panels are located. 
The LM displays and controls  are arranged t o  be operated by standing 
crewmen. Four panels are located i n  t h e  center between t h e  crewmen. 
Two a re  approximately v e r t i c a l  a t  about eye l e v e l ,  and two are .located 
below these  and a re  s lan ted  a t  approximately 45' t o  the horizontal .  A 
panel i s  located i n  f ront  of each crewman at about w a i s t  height ,  and 
the  r e s t  of t he  panels a r e  located on the  r igh t  and l e f t  s ides  of t he  
cabin. 
The t o t a l  number of switches and c i r c u i t  breakers per crewman varied 
from 66 per man i n  t h e  Mercury spacecraft  t o  119 per man i n  the Gemini 
spacecraft  t o  169 per man on t h e  LM and 203 per  man on the  CSM with three  
crewmembers i n  t h e  cockpit. The Mercury and Gemini Spacecraft had no 
potentiometers, but a number a re  used i n  the  LM and CSM f o r  such fwnctions 
as volume control  and temperature control.  
switches and c i r c u i t  breakers varied almost an order of magnitude between 
the  Mercury spacecraft  and the  CSM, t he  t o t a l  number of meters and dis- 
play devices d i f f e r s  only by a fac tor  of less than two. In terms of 
economy of displays per man, t he  Gemini spacecraft  had the  fewest, a t  
24 per man, and t h e  LM has t h e  highest ,  a t  approximately 40 per  man. 
There i s  not a la rge  range of unique devices used, such as a t t i t u d e  indi-  
ca tors ,  range and range-rate ind ica tors ,  clocks,  computer displays and 
keyboards - t h a t  i s ,  devices other than voltage and current ind ica tors  
o r  quantity gages. Meter movements a r e  servometric on the  LM and were 
D'Arsonval on the  Mercury and Gemini spacecraf t ,  as they a re  on t h e  CSM. 
Although the t o t a l  number of 
23 
Instruments were rear-mounted-to the  panels i n  the  Mercury and Gemini 
spacecraf t ,  and t h i s  method has continued t o  be used for t h e  CSM and LM. 
The Mercury and Gemini instruments were environmentally sealed,  and those 
of t h e  LM and CSM are hermetically sealed. 
luminescent on the  LM and CSM and were floodlighted on the  Mercury and 
Gemini spacecraft .  Incandescent annunciators a re  used on the  CSM and LM, 
as they were on t h e  Mercury and Gemini spacecraft .  
Meter displays are electro-  
CAUTION AND WARNING SYSTEMS 
The caution and warning function ( t ab le  V I )  i s  defined as the  proc- 
ess  of a le r t ing  or notifying the  crew t h a t  an out-of-nominal condition 
ex i s t s .  The Mercury and Gemini spacecraft  had no separately iden t i f i ab le  
caution and warning system. 
cluded as pa r t  of the  Mercury and Gemini sequencing system, which used 
t e l e l i g h t s  t o  provide the  crew with indications of nominal events and 
sequences. Thus, only the  Mercury and Gemini functions t h a t  a re  caution 
and warning aTe included i n  the comparison with the LM and CSM caution 
and warning systems. The LM and CSM systems are  separately ident i f iab le .  
Some caution and warning functions w e r e  in- 
The Mercury spacecraft  had nine inputs ,  a l l  d i scre tes ,  which used 
relay logic  t o  l i g h t  advisory indicators  on the  main instrument panel when 
out-of-nominal conditions occurred. The inputs came from the  c r i t i c a l  sub- 
systems, such as the  environmental control system, and were avai lable  t o  
the  crewman throughout t he  mission. Most of the Gemini caution and warning 
functions were concentrated on t h e  launch phase and were provided as inputs 
t o  t h e  crew for use i n  the  onboard launch-abort decision t h a t  they could 
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TABLE VI.- CAUTION AND WARNING SYS!PW COMPARISON 
Character is t ics  
Inputs . . . . . . . . . . . . . .  
Discretes . . . . . . . . . . . .  
Analog s ignals  . . . . . . . . .  
Inh ib i t  s ignals  . . . . . . . . .  
Resetable inputs . . . . . . . .  
Enable s ignals  . . . . . . . . .  
outputs . . . . . . . . . . . . . .  
Advisory indicators  . . . . . . .  
Master-alarm indicators  . . . . .  
Tone generator (audible) . . . .  
Logic 
Relay output closures . . . 
Solid-s ta te  output closure . . .  
Automatic m a s t e r - a l a r m  
r e s e t . .  . . . . . . . . . . .  
I n h i b i t s  and enables . . e . . 
Mercury 
Program/vehicle 
Gemini Apollo CSM 
(35) 
34 
3 
1 
Apollo LM 
(145 1 
60 
45 
10 
22 
8 
(35) 
33 
1 
1 
X 
-- 
X 
X 
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, 
make, e i t h e r  i n  p a r a l l e l  with the  ground or independently. 
inputs provided information about out-of-tolerance conditions i n  t h e  
first- and second-stage launch-vehicle propulsion and guidance and con- 
t r o l  systems. Launch-vehicle fue l  quantity and longi tudinal  acceleration 
meters were a l so  avai lable  t o  t he  crew, but  without logic  and automatic- 
annunciation capabi l i ty .  
t he  information desired. Relay output closure was used t o  l i g h t  the  seven 
advisory indicators .  
i c  i n  t h e  IMU electronics  were used t o  indicate  a malfunction i n  t h e  accel- 
e ra t ion  portion and i n  the  a t t i t ude  portions of the  GIMU, and a self-test 
rout ine was used i n  the  computer t o  detect  a f a i l u r e  and t o  l i g h t  t he  
computer malfunction t e l e l i g h t .  
Seven d iscre te  
The crew had t o  monitor these meters t o  gain 
In addition t o  these,  two t e l e l igh t s  driven by log- 
The LM and CSM use r e l a t ive ly  sophis t i -  
cated caution and warning systems wherein multiple inputs are provided . 
t o  t ransis tor /diode logic  voltage comparators. 
i nh ib i t  and enable s ignals  as w e l l  as automatic r e se t s  i n  t h e  logic .  In  
the  CSM, so l id-s ta te  output closures are used t o  l i g h t  the  annunciators, 
and relay closures a re  used in  t h e  LM. 
caution and warning system, and the CSM has 64. In both spacecraf t ,  an 
audible tone warning i s  provided i n  the  crewmen's headsets and a reset- 
able master-alarm indicator  i s  lit. When the crewman pushes the  master- 
alarm l i g h t ,  it i s  extinguished and the  tone i s  turned o f f ,  but t h e  
d iscre te  caution and warning l i g h t s  remain on u n t i l  t he  problem is  
remedied. The CSM has three  master-alarm indicators  i n  d i f fe ren t  places 
i n  the  spacecraft .  The LM has one, 
In  addition, the  LM has 
The LM has 145 inputs t o  the  
26 
SEQUEMCING 
Dual redundancy w a s  used i n  sequencing a l l  c r i t i c a l  functions i n  
the  Mercury and Gemini spacecraft ,  and t h e  redundant auotmatic sequencing 
systems were backed up by manual switches ( t a b l e  V I I ) .  
a l so  i s  used i n  the  CSM and LM. 
a separate,  manually operated parachute and landing-bag deployment sys- 
tem i n  which the  pyrotechnical deployment devices were mechanically 
in i t i a t ed .  The approximate number of re lays  devoted t o  t h e  sequencing 
functions range from a minimum of 80 on t h e  LMto a maximum of 160 on 
the  CSM; t h e  Mercury and Gemini spacecraft had 100 and 150, re- 
spectively.  The CSM has a dual-series re lay  arrangement i n  which the  
sens i t ive  axes of t h e  relays a re  normal t o  each other  t o  minimize t h e  
probabi l i ty  of inadvertent operation. 
had s ingle  re lays  per function i n  each system as does t h e  LM. The CSM 
has a separately ident i f iab le  sequencing subsystem with 12 sequence 
control lers .  The Gemini system a lso  w a s  ident i f ied  separately and con- 
s i s t e d  of 1 5  re lay panels. The Mercury sequencing relays were d is t r ib-  
uted throughout t h e  spacecraft i n  t h e  subsystems containing t h e  functions. 
The LM has two explosive-device relay boxes as par t  of t h e  dual arrange- 
ment of sequencers. However, t h e  r e s t  of t h e  sequencing functions, such 
as those interfacing with the  explosive-device re lay  boxes, are included 
i n  t h e  interfacing subsystems, 
This approach 
In addition, t h e  Mercury spacecraft  had 
The Mercury and Gemini spacecraft  
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Sequence timing was provided by time-delay relays in the Mercury 
spacecraft. 
lays. 
event timers and time-delay electronic circuits. 
The Gemini spacecraft used event timers and time-0elay re- 
The LM uses time-delay electronic circuits, and the CSM uses 
INSTRUMENTATION SYSTEM 
In general, the instrumentation consists of measurement trans- 
ducers, signal conditioners, encoders, and recorders. After the infor- 
mation collected by the transducers is conditioned to some standard 
reference, it is used to drive display devices in the cabin, either 
encoded and recorded or encoded and telemetered to the ground. The 
approximate total number of inflight measurement points used on each 
spacecraft and the number of measurements used for several functions 
are shown in table VIII. 
spacecraft has roughly doubled from program to program. 
The total number of onboard measurements per 
The Mercury instrumentation system consisted of a number of elec- 
tronic packages located in the cabin. The signal-conditioning function 
was accomplished in these packages. No standard signal-conditioner 
modules were used. Circuitry, as necessary, was added to condition each 
measurement to a 0- to 3-volt dc base before the measurement was commu- 
tated. In some cases, the transducers themselves (e.g. cabin air 
temperature and pressure) were included in the packages because they 
were mounted in the cabin. Instrumentation data voltages were commutated 
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r 
and converted to pulse-duration-modulation (PDM) and pulse-amplitude- 
modulation (PAM) outputs. 
tape recorder. 
applied to several voltage-controlled oscillators. 
used to combine the subcarrier-oscillator outputs; then the mixer output 
was applied to either the telemetry transmitter or the tape recorder. 
The Gemini signal conditioners were modularized, and 79 of them were 
included in two signal-conditioning packages. 
signal-conditioning modules were used, and several of these had addi- 
tional variations for different signal-handling capabilities. A 
multiplexer/encoder system was used to convert the signals to a serial 
binary-coded signal for recording on the pulse-code-modulation (PCM) 
data-dump recorder or for presentation to the real-time transmitter; 
The PDM data were recorded on the spacecraft 
The PAM data and other instrumentation voltages were 
A mixer circuit was 
Six basic types of 
Eight different types of conditioners are included in two signal- 
Each signal-conditioning package has conditioning packages on the LM. 
22 modules and, together, they provide 246 signal-conditioning channels. 
In the CSM, all signal conditioners are in one package, which has a 
redundant power supply. Four different signal-conditioner types are 
used to provide 145 signal-conditioning channels. Both the LM and CSM 
use a 1024-kilohertz signal from the guidance and navigation computers 
to synchronize PCM-timing electronics. If the synchronization pulse 
fails, both the CSM and LM have a separate crystal oscillator. 
signals to the PCM equipment in both spacecraft are high-level analog, 
parallel digital, and serial digital. The PCM data rates for  both 
Input 
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spacecraft include a normal r a t e  of 51.2 kbps and a reduced rate of 
1.6 kbps. 
t h e  Mercury and Gemini spacecraft .  
channel recorder t h a t  operated continuously from umbilical re lease  u n t i l  
5 minutes after spacecraft separation and continuously from 30 minutes 
before retrograde f i r i n g  u n t i l  10  minutes a f t e r  splashdown. During t h e  
rest of  the  mission, t he  recorder w a s  on for 1 minute every 10  minutes. 
I n  addition t o  t h i s  automatic operation, t h e  crewman could operate t h e  
recorder manually whenever he chose t o  do so.  The Gemini spacecraft 
used four d i f fe ren t  recorders. One w a s  a two-channel PCM recorder t h a t  
had a 4-hour capacity and t h a t  w a s  used t o  record PCM data f o r  delayed- 
t i m e  dump. A cartridge-loaded two-channel voice recorder w a s  avai lable  
t o  t h e  crew. Each car t r idge ,  which could be eas i ly  changed, provided a 
Tape recorders a re  used i n  the  CSM and LM as they were on 
The Mercury spacecraft  had a seven- 
1-hour capacity. 
Each w a s  controlled by t h e  crew and could operate 75 hours a t  normal 
tape  speed. 
one LM-data channel, one voice channel, and seven analog channels. 
Operating time i s  30 minutes a t  high speed and 2 hours a t  low speed. 
The recorder i s  used pr incipal ly  f o r  recording information f o r  delayed 
dump. 
and can operate f o r  10  hours. 
semiautomatic. 
Two seven-channel biomedical recorders w e r e  provided. 
The CSM data recorder has 1 4  channels: f i v e  PCM channels, 
The LM recorder has two channels, one fo r  voice and one for  da ta ,  
Operation i s  e i the r  manual or 
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COMMUNICATIONS AMD TRACKING SYSTEMS 
As shown in table IX, the high-frequency (hf) and vhf bands were 
used for voice communication and the ultrahigh-frequency (uhf) band for 
receiving command signals in the Mercury and Gemini spacecraft. The 
vhf band and the S-band are used in the CSM and LM radio-frequency (rf) 
requirements. The Mercury spacecraft was equipped with one hf trans- 
ceiver and two vhf transceivers for voice, two vhf transmitters for 
telemetry, and two uhf frequency-modulation (FM) receiver/decoders for 
receiving commands. The Gemini spacecraft also had one hf and one vhf 
transceiver in conjunction with a voice-control center for voice com- 
munications, but had three separate vhf telemetry transmitters -a 
real-time transmitter, a delayed-time transmitter, and a standby trans- 
mitter for use if the other two failed. 
separate uhf command receivers feeding a common decoder. The CSM and 
the LM are equipped with a unified S-band system (USBS) which is used 
primarily for communications with the Manned Space Flight Network (MSFN) 
on earth, and vhf systems which are used primarily for LM/CSM communica- 
tions and for EVA communications. 
mary and secondary transmitter-receiver and power-amplifier assemblies 
that serve the multiple functions of providing a transponder for MSFN 
space tracking and providing voice transceiving, telemetry-transmitting, 
and command-receiving functions. In addition, the CSM has a separate 
The Gemini spacecraft had two 
The USBS in both spacecraft has pri- 
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S-band FM' telemetry t ransmit ter .  
modulation (AEI) t ransceivers ,  which a re  used f o r  t he  following 
functions. 
Each spacecraft has two vhf/amplitude- 
1. 
2. LM t o  CSM, low-bit-rate telemetry 
3. CSM t o  MSFN, two-way voice 
4. 
5. 
6. 
LM t o  CSM, two-way voice 
EVA astronaut t o  LM, two-way voice and data t o  LM 
EVA astronaut t o  CSM, two-way voice and data t o  CSM 
LM t o  CSM ranging (using time delay of transmitted round-trip 
tones) 
I n  addition t o  these functions,  a voice l i n k  i s  possible among EVA 
astronauts ,  t h e  MSFN, and t h e  CSM using t h e  CSM or  the  LM as a relay and 
using a combination of t h e  S-band and vhf capabi l i t i es .  
Both the  LM and CSM have audio centers fed by individual audio 
s t a t ions ,  one f o r  each astronaut. A premodulation processor i n  each 
spacecraft  provides s ignal  modulation, mixing, and switching f o r  a l l  
data and voice communications i n  accordance with the  selected mode of 
operation. 
is  used t o  update t h e  spacecraft computers and the  cent ra l  timing equip- 
ment when necessary. 
The command l i n k  (o r  up-data l i n k )  on both the  LM and t h e  CSM 
Both the  Gemini and Mercury spacecraft  had f i v e  rf beacons each, 
while t h e  CSM has four and t h e  LM has two. 
one hf beacon and two vhf beacons for  recovery and rescue, while t h e  
Gemini had two vhf beacons and t h e  CSM has one vhf beacon for  t h i s  
The Mercury spacecraft  had 
purpose. 
space t racking,  and t h e  Gemini and Mercury spacecraft  each had one 
C-band beacon and one S-band beacon. 
one X-band beacon f o r  use with the  LM rendezvous radar. The Gemini 
spacecraft normally did not carry a rendezvous beacon. However, on t h e  
Gemini V I 1  and V I  missions, Gemini V I 1  w a s  f i t t e d  with an L-band beacon 
fo r  use with the  Gemini V I  rendezvous radar.  This w a s  t h e  same beacon 
The CSM and LJ4 have t h e  unif ied S-band transponder f o r  MSFN 
For rendezvous, t he  CSM ca r r i e s  
t h a t  w a s  normally affixed t o  the  Agena t a rge t  vehicle used i n  t h e  
program. 
A body-fixed pulsed interferometer L-band radar w a s  carr ied on 
the  Gemini spacecraft  f o r  rendezvous. 
rendezvous radar and an X-band landing radar t h a t  provides a l t i t u d e  and 
landing-velocity information are car r ied  on t h e  LM. 
A gimbaled X-band monopulse 
Nine antennas were car r ied  on t h e  Mercury spacecraft .  A main 
bicone antenna w a s  used f o r  t h e  h f ,  vhf ,  and uhf equipment. I n  addi- 
t i o n ,  a uhf recovery fan antenna w a s  deployed during entry,  and an hf 
recovery whip antenna w a s  deployed a f t e r  splashdown. S ix  omnidirectional 
hel ices  were used, t h ree  fo r  t h e  C-band and three  fo r  t h e  S-band beacons. 
The Gemini spacecraft  had 10 antennas. 
t o  16 feet long was  used i n  o r b i t  and another hf antenna,.13 f e e t  long 
when deployed, w a s  used fo r  recovery. 
blade antennas were used only from t h e  t i m e  t h a t  t h e  vehicle w a s  on a 
two-point suspension on t h e  parachute through recovery. A vhf stub 
antenna w a s  used f o r  telemetry, f o r  t h e  voice t ransceivers ,  and f o r  
An extendable hf whip antenna 13 
Two vhf descent and recovery 
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reception f o r  one of t h e  d i g i t a l  command receivers.  
tennas were used, one fo r  t h e  C-band beacon and one fo r  t he  S-band 
beacon. Final ly ,  t h e  L-band rendezvous-radar antenna w a s  a hel ix .  The 
CSM a l so  has 10  antennas. Two vhf scimitar omnidirectional antennas 
are  used i n  o r b i t ,  and two recovery vhf blade antennas a re  deployed 
automatically short ly  a f t e r  the  main parachutes are  deployed. The 
spacecraft has f i v e  S-band antennas. Four a re  omnidirectional h e l i c a l  
antennas and the  f i f t h  i s  the  high-gain s teerable  antenna that  i s  s tored 
at t h e  base of t he  SM adjacent t o  the  SPS engine b e l l  and t h a t  i s  de- 
ployed a f t e r  t he  LM has been withdrawn from t h e  Saturn IVB stage. 
antenna consis ts  of four 31-inch-diameter parabolas on a gimbal struc- 
t u re .  
fo r  t h e  rendezvous transponder. The LM has eight antennas. Four of 
Two s l o t t e d  an- 
This 
The 10th CSM antenna i s  a s ingle  X-band beam-slitter antenna used 
these a re  S-band antennas: two omnidirectional he l ices ,  one s teerable  
high-gain 24-inch-diameter parabola, and one 10-foot-diameter errectable  
parabola for use on the  lunar surface. Three vhf antennas a re  used on 
the  LM; two are  c i rcu lar ly  polarized hel ices  fo r  use i n  f l i g h t  and t h e  
other i s  a conical omnidirectional EVA antenna. The eighth antenna i s  
the  24-inch-diameter s teerable  parabola t h a t  serves as the  rendezvous- 
radar antenna. 
and Gemini spacecraft  and i s  used i n  t h e  CSM and LM. 
Some form of antenna multiplexing was used i n  the  Mercury 
ELECTRONIC-SUBSYSTEM WEIGHTS 
A summary of the  weights of each of t h e  electronic  subsystems con- 
sidered i s  presented i n  t ab le  X. 
spacecraft  weights t h a t  these weight increments represented are a l so  
indicated. The spacecraft  weights used f o r  reference were dry weights 
and d id  not include launch escape towers, booster adapters,  or propel- 
l a n t s  and expendables. It should be noted t h a t  a l l  of t he  weights i n  
t h i s  t a b l e  a re  representative weights, and t h a t  t h e  weights of any 
given spacecraft  and subsystem might vary somewhat f romthose given, 
depending on the  spec i f ic  mission. Also, some caution must be used 
because it i s  d i f f i c u l t  t o  get t r u l y  comparable weights from one program 
t o  t h e  next. Notwithstanding these reservat ions,  it i s  in te res t ing  t o  
make comparisons both on t h e  basis of absolute weight and on the  basis 
of percentage of spacecraft weight. I n  general ,  t h e  Mercury spacecraft  
had the  l a rges t  percentage of spacecraft  weight a l located t o  e lectronic  
systems. This w a s  t h e  case despite t h e  f ac t s  t ha t  t h e  Mercury space- 
c r a f t  carr ied only one crewman instead of two or th ree  l i k e  the  other 
spacecraft ,  had a r e l a t ive ly  short  mission time, and carr ied no guidance 
and navigation system. This la rge  percentage of spacecraft  weight al- 
located t o  e lectronics  w a s  a t t r i bu tab le  t o  a conservative design ap- 
proach because t h i s  was t h e  f i rs t  manned spacecraft  and because the  
The percentage of t he  respective 
earlier s t a t e  of t he  art  w a s  used. 
system weights could be exp l i c i t l y  iden t i f i ed  because these functions 
No caution and warning or sequencing- 
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were distributed among the individual subsystems. 
two subsystems are small percentages of the spacecraft weights for all 
spacecraft. 
only the explosive-devices sequencing-system weight was separately 
identifiable. 
the subsystems involved in the sequencing. The weight of the CSM elec- 
tronic subsystems is three times that of the Gemini spacecraft and twice 
that carried by the LM. 
however, it is not greatly different from the other two spacecraft. 
Interestingly, the total weight for the instrumentation function is 
relatively constant for the spacecraft, varying from a minimum of 
98 pounds for  the Mercury spacecraft to a maximum of 165 pounds for 
the Gemini spacecraft. 
has the largest portion of spacecraft weight allocated to it on all 
four spacecraft. Approximately one-half the spacecraft electronics 
weight is in this subsystem. 
The weights of these 
The LM sequencing weight in the table is so low because 
Much of the sequencing function is distributed among 
In terms of percentage of spacecraft weight, 
The power-generation and -distribution system 
AVIONICS IME'LICATIONS FOR TIE SPACE SHUTTLE 
As indicated in the comparison of mission characteristics, many 
of the performance requirements of the shuttle are encompassed by the 
performance requirements that have been satisfied in the previous 
manned-spacecraft programs. For the space shuttle, .a maneuver AV that 
is somewhat more than the AV of any previous spacecraft will have to 
be applied and directed by the orbiter. However, this is a difference 
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i n  magnitude ra ther  than i n  kind. 
f l igh tpa th  of t he  shu t t l e  may be somewhat d i f fe ren t  f romthose  of pre- 
The entry and terminal phases of t h e  
vious programs. If a nigh-cross-range o rb i t e r  i s  adopted, t h e  entry 
f l igh tpa th  w i l l  be extended i n  t i m e ,  and w i l l  have lower vehicle ac- 
celerat ions and higher vehicle temperatures. Although the  s teer ing  
equations t o  be used with t h i s  type of f l igh tpa th  undoubtedly w i l l  be 
d i f fe ren t  from those used i n  the  previous semibal l is t ic  en t r i e s  (prin- 
c ipa l ly  because t h e  magnitude o f  t h e  l i f t  vector of t h e  vehicle,  as 
w e l l  as t h e  d i rec t ion ,  w i l l  be modulated), t h e  character of t he  entry 
requirement w i l l  not be al tered.  The d i f fe ren t ia t ion  between a s m a l l  
amount and a la rge  amount of l i f t  does not s ign i f icant ly  a f f ec t  t he  
mechanization of t h e  navigation and guidance system. If the  shu t t l e  i s  
a l i f t i n g  vehicle ,  the  l i f t  must be directed in t e l l i gen t ly  during entry 
regardless of t he  magnitude of the  lift. Of course, t he  landing- 
accuracy requirement t h a t  i s  associated with landing on a runway i s  
more demanding than the  area landing constraints  placed on previous 
manned spacecraft .  
from the  ground. However, because the  shu t t l e  must have a guidance 
and navigation system with r e l a t ive ly  good performance t o  negotiate t h e  
entry p ro f i l e ,  only minor additions w i l l  be required t o  solve the  
landing-approach problem. With a posi t ion f i x  shor t ly  a f t e r  blackout 
t o  eliminate the  en t ry  dispersions and posi t ion.  f i xes  during terminal 
approach t o  give an end-of-the-runway reference,  it should be possible 
In  general, t h i s  requirement w i l l  require  inputs 
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t o  meet t h e  requirements of t h e  terminal phase through flare-out and 
touchdown with t h e  onboard guidance, navigation, and control  system. 
The review of t h e  electronics  of four NASA manned spacecraft  sug- 
ges t s  t h e  following implications fo r  t he  space shu t t l e .  
E lec t r i ca l  Power System 
Studies of t h e  space shu t t l e  t o  date indicate  t h a t  t he  on-orbit 
power requirements f o r  t he  o rb i t e r  a r e  approximately 6 kilowatts,  and 
t o t a l  energy requirements are approximately 600 kW-h. 
electrical-power and energy requirements and i n  view of t h e  f a c t  t h a t  
a hydrogen-oxygen primary propulsion system and RCS w i l l  be used on 
t h e  o r b i t e r ,  it appears probable t h a t  the  primary electrical-power source 
on the  o rb i t e r  w i l l  be fue l  c e l l s ,  possibly with supplemented s i lver -  
zinc ba t t e r i e s .  
ments (approximately 1 5  kilowatts)  during launch and during entry,  
approach, and landing. The launch peak r e su l t s  from the  f ac t  t h a t  t h e  
o rb i t e r  ca r r i e s  the  second-stage rocket engines and must provide hydraulic 
power f o r  t he  engine servoactuators. The entry,  approach, and landing 
peak r e s u l t s  from the  hydraulic power required t o  drive t h e  aerodynamic 
control surfaces.  
meet these requirements. 
driving hydraulic pumps and a l te rna tors  are t h e  primary system being 
considered. 
so le  power source on t h e  booster,  which has a r e l a t ive ly  short  f l i g h t  
duration e 
With these 
However, the  o r b i t e r  a lso has some peak power require- 
A number of power sources are being considered t o  
Hydrogen-oxygen-fueled auxi l iary power un i t s  
Auxiliary power un i t s  a l so  are being considered as the  
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The Mercury spacecraft  w a s  equipped with a central ized ac power 
This i s  supply, and both t h e  CSM and t h e  LM are s imilar ly  equipped. 
t h e  approach current ly  most-favored f o r  t h e  s h u t t l e  because the  wiring 
weight i s  minimized. The wiring weight i s  a fac tor  of some concern and 
a t ten t ion  on the  shut t le .  For example, t h e  t o t a l  wiring weight on the  
CSM i s  approximately 1300 pounds, which i s  a s igni f icant  percentage of 
t h e  3082 pounds of electrical-power generation, control ,  and dis t r ibut ion 
system weight. The use of a wiring system similar t o  t h a t  of t h e  
CSM - one where t h e  power wires a re  routed through c i r c u i t  breakers i n  
the  cockpit before going t o  the using equipment - could have a sub- 
s t a n t i a l  weight penalty on a vehicle such as t h e  shu t t l e  where power- 
using equipment i s  widely dispersed i n  t h e  wingtips and ta i l .  
minimize t h i s  po ten t ia l  wiring-weight penalty,  sol id-s ta te ,  remotely 
controlled power d is t r ibu t ion  and control  systems are being considered. 
I n  t h i s  type of system, minimum-length paths a re  used f o r  power- 
d i s t r ibu t ion  buses, and only r e l a t ive ly  lightweight signal-control wires 
a re  routed t o  the  cockpit f o r  electrical-power control and switching. 
To 
Guidance, Navigation, and Control 
Although it i s  not readi ly  obvious from t h e  comparison t ab le s ,  t he  
guidance and control  systems fo r  t h e  Mercury and Gemini spacecraft  were 
s t ructured such t h a t  mission success w a s  dependent on a r e l a t ive ly  
sophis t icated simplex system, and crew safe ty  was  ensured by relying on 
simpler backup or abort systems, This i s  a l so  t r u e  of t he  CSM and LM, 
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There were two reasons f o r  t h i s  approach. F i r s t ,  a l l  four programs have 
faced r e l a t ive ly  t i g h t  weight constraints  such tha t  it has not been 
possible t o  meet mission-success requirements as high as t h e  crew-safety 
requirements. 
mechanizations has avoided the  r i s k  of the  same hidden defect i n  a l l  
success paths. Although t h i s  approach has worked qui te  successfully,  
Secondly, t he  use of generically d i f fe ren t  hardware 
some l imi ta t ions  became evident par t icu lar ly  with t h e  l a t e r  spacecraft .  
The fue l  budgets have always been defined by t h e  lowest-performance 
systems; dispersions have always been higher, thus impacting operations; 
and t h e  crew-training function has been complicated because the  crew 
has had t o  learn  t o  f l y  t h e  spacecraft  with multiple systems. Because 
t h e  avowed goal f o r  t h e  space shu t t l e  is  t o  provide low-operational-cost 
t ransportat ion t o  o rb i t  and re turn ,  economic v i a b i l i t y  cannot be achieved 
with an approach i n  which mission success i s  sacr i f iced  i f  a s ingle  com- 
ponent i n  t h e  guidance and control system fai ls .  
control  systems, each having the  r equ i s i t e  performance t o  meet t h e  
mission-success goals ,  must be used. The number of systems t o  be used 
w i l l  depend on a study of t he  economic fac tors  involved. In  the  previous 
manned spacecraft ,  a t  least two, and usually th ree ,  f l igh tpa th  control  
systems have always been provided. 
eliminate a l l  po ten t ia l  single-point f a i l u r e s ,  though some s t i l l  remain. 
It appears l i k e l y  tha t  t h e  guidance, navigation, and control system of 
t h e  s h u t t l e ,  as w e l l  as some of t he  other c r i t i c a l  subsystems, w i l l  have 
a similar redundant s t ruc ture ,  
Multiple guidance and 
Also,  4tternpts have been made t o  
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A subs tan t ia l  s tep  was  taken with t h e  CSM and LM toward an in- 
tegrated guidance, navigation, and control  system with t h e  use of t he  
DAP i n  the  computers. It i s  probable t h a t  t h i s  approach a l so  w i l l  be 
used for t he  s h u t t l e  because it provides good performance and f l e x i b i l i t y ,  
and i s  adaptable t o  the implementation of redundancy. The ava i l ab i l i t y  
of spec i f ic  i n e r t i a l ,  op t i ca l ,  computational, and radar equipment t o  
meet t he  shu t t l e  requirements w i l l  not be a problem. 
Displays and Controls and Caution and Warning 
One of t h e  pr inc ipa l  space-shuttle requirements i s  t h a t  the  o rb i t e r  
be operated with a crew of two and be f lyable ,  i f  necessary, by one 
crewman. For t h i s  requirement t o  be successfully m e t ,  it would appear 
t h a t  t he  increasing p ro l i f e ra t ion  of switches, c i r c u i t  breakers,  dis- 
plays,  and t e l e l i g h t s  t h a t  has characterized the  displays and controls 
evolution from Project Mercury through the  Apollo Program w i l l  have t o  
be reversed. The weight of displays and controls on the  CSM approaches 
t h e  weight of t he  guidance and navigation system. Much of t h i s  weight 
i s  a t t r i bu tab le  t o  single-purpose or discre te  displays t h a t  a r e  used 
only a t  s ing le  points i n  the  mission. The use of multipurpose displays 
should minimize t h e  amount of panel space required and should provide a 
means for presenting more eas i ly  assimilated information t o  the  crew. 
One of t he  display references t h a t  crews of a l l  spacecraft  have found 
na tura l  and desirable  i n  ear th  o rb i t  i s  t h e  local-ver t ical  reference,  
and it should de f in i t e ly  be included i n  fu ture  display systems. 
Although it s t i l l  may be necessary t o  have d iscre te  circuit-breaker 
switching f o r  troubleshooting and f a i lu re  i so l a t ion ,  a much greater  use 
of mode switching and computer-controlled sequencing must be used t o  
re l ieve  t h e  crew of burdensome checklists.  
It appears l i k e l y  tha t  t h e  caution and warning functions w i l l  be 
expanded t o  include equipment-trend indications so  tha t  t h e  crew may be 
a le r ted  t o  impending problems as well as t o  imperative ones. In  l i n e  
with minimizing the  pro l i fe ra t ion  of unique displays and flashing 
l i g h t s ,  consideration w i l l  have t o  be given t o  t h e  use of alphanumeric 
displays and possibly even t o  the  expansion of audible warnings t o  more 
than ju s t  tones. 
Instrumentation and Sequencing 
The number of instrumentation points and t h e  amount of data trans- 
mitted t o  the  ground have increased substant ia l ly  from program t o  
program. 
amount of space-shuttle-subsystem data transmitted t o  t h e  ground w i l l  
increase over t h a t  of t h e  Apollo Program, because the  system require- 
ments a re  not as demanding as those i n  the  Apollo Program. I n  f a c t ,  with 
t h e  goal of minimizing operational costs ,  it i s  l i k e l y  t h a t  t h e  amount 
of data transmitted t o  the  ground and t h e  ground complex analyzing t h e  
data  w i l l  be reduced t o  decrease the  operational costs.  However, t h e  
number of onboard data or instrumentation points w i l l  be greater  than 
t h e  i n f l i g h t  measurement points.  For example, i n  addition t o  t h e  
However, there  appears t o  be l i t t l e  reason t o  believe tha t  t h e  
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469 i n f l i g h t  measurement points on t h e  CSM, another 423 instrumentation 
points  were required fo r  t h e  aerospace checkout equipment (ACE) s ta t ions  
t h a t  were used before f l i g h t .  The ACE s ta t ions  a re  qui te  expensive, 
and the  requirement t o  minimize operating costs  w i l l  lead t o  the  use of 
onboard checkout techniques t o  eliminate or minimize the  number and 
s i z e  of ACE s t a t ions  required, 
requirements for improved caution and warning techniques, coupled with 
the need t o  streamline onboard display and switching, leads t o  the con- 
cept of an onboard-data management system t h a t  w i l l  use a computer t o  
process the data  on board. 
computer, t h e  function of sequencing a l so  becomes a log ica l  candidate 
for  inclusion i n  t h e  data-management system. The data-management sys- 
tem i s  covered i n  much more d e t a i l  i n  t h e  paper by Bradford and Chambers. 
This use of onboard checkout and t h e  
With t h e  ava i l ab i l i t y  of t he  data-management 
Idea l ly ,  no shuttle-subsystem data would have t o  be telemetered t o  
the  ground from an operational shut t le .  Rea l i s t ica l ly ,  however, it i s  a 
la rge  s tep  from the  present manned-space-flight operational concept, 
where v i r tua l ly  a l l  of t he  real-time subsystem data monitoring and anal- 
y s i s  i s  done on the  ground, t o  an approach where a l l  monitoring and 
analysis i s  done on board. Therefore, it i s  expected t h a t ,  although the  
shu t t l e  w i l l  move i n  the  direct ion of self-sufficiency, t he  need f o r  
some onboard data  recording for  periodic telemetering w i l l  s t i l l  ex i s t  and 
some real-time subsystem monitoring w i l l  be required on t h e  ground. 
w i l l  ce r ta in ly  be t r u e  i n  t h e  shu t t l e  f l i gh t - t e s t  program, f o r  which 
addi t ional  developmental f l i gh t - t e s t  instrumentation (DFI) w i l l  be 
This 
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required. 
the operational shuttle is the question that still has to be answered. 
How much of the DFI remains installed and becomes part of 
Communications and Tracking 
Much of the redundant and multiple communications equipment used in 
the early manned-spacecraft programs can be attributed to the need to 
ensure communications while exploring the unknown. Some of this concern 
is also reflected in the complement of communications equipment in the 
Apollo Program. 
simultaneously communicating with each other and with the ground signifi- 
cantly affected the distribution of equipment used in the CSM and LM 
communications systems. There should be little concern with the unknown 
in the space shuttle mission profile; and, once the orbiter separates 
from the booster, there will be little need for communications between 
the two craft. In addition, as the shuttle goal of autonomy is ap- 
proached to minimize the operating costs, it would be expected that the 
need for telemetry and command receivers would tend to be minimized. 
Just how small the complement of communications equipment on the shuttle 
may be will, of course, depend on the system requirements as well as on 
several other electronic subsystem areas. For example, the shuttle will 
ultimately be operating in conjunction with the space station and with 
other space vehicles, so communications-frequency compatibility among 
them must be considered. Also, the shuttle has a flight phase that 
previous spacecraft did not and do not have -terminal appraach and 
Moreover, the requirement to have two spacecraft 
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and horizontal  landing. 
achieve the  required three-orders-of-magnitude improvement i n  touchdown 
accuracy. Although the  improved touchdown capab i l i t i e s  should ameliorate 
the  need Por recovery and rescue beacons, it i s  expected that  some space- 
tracking beacons w i l l  continue t o  be required. 
Some navigational a ids  w i l l  be required t o  
Rendezvous has been accomplished with and without the  use of radar 
One of t he  requirements for t he  shu t t l e  i s  t o  
For 
i n  t h e  previous programs. 
rendezvous with f a i l e d  s a t e l l i t e s ,  which represent passive ta rge ts .  
t h i s  requirement, a skin tracking rendezvous radar would probably be 
required. However, fo r  t h e  cooperative type of' rendezvous tha t  t h e  
shu t t l e  w i l l  normally be f ly ing ,  there  i s  some merit i n  t h e  possible use 
of a rendezvous technique s imilar  t o  the  one used by the  CSM. 
alinement opt ica l  device a l so  could be used f o r  tracking e i the r  t h e  
v i s ib l e  re f lec ted  sunlight from t h e  t a rge t  or, i f  necessary, a f lashing 
beacon. Thus, it would not be necessary t o  carry t h e  radar weight on 
every f l i g h t .  
included as par t  of t he  shu t t l e  payload fo r  that  mission. 
The IMU 
On t h e  f l i g h t s  t o  f a i l e d  s a t e l l i t e s ,  t he  radar could be 
The four spacecraft under consideration have o r  had eight  t o  10  
antennas each t o  service t h e  various communications and tracking systems. 
Hopefully, a communications system fo r  t he  shu t t l e  t h a t  minimized and 
unif ied t h e  equipment would a l so  minimize t h e  need fo r  antennas, be- 
cause antennas tend t o  be incompatible with entry-vehicle heat-shield 
requirements, 
CONCLUDING REMARKS 
The space-shuttle mission characteristics present little or no 
increase in avionic system requirements over the requirements that have 
already been met by the electronic systems in the past and present 
manned-spacecraft programs. Therefore, the demands that the shuttle 
places on the avionics will not be for increased performance but for 
increased efficiency and economy of operation. The electrical-power 
generation technique developed in past and present programs will form 
the basis for the space-shuttle electrical-power sources. However, 
more advanced electrical-power distribution and control techniques will 
be required to minimize power-distribution-system weight penalties. 
Integrated guidance, navigation, and control system techniques, such as 
are used on the lunar module and command and service module, will also 
be used on the space shuttle because they lend themselves to good 
performance, flexibility, and the implementation of redundancy. Dis- 
play and control systems must be simplified and made more functional if 
the shuttle is to be flown by two crewmen with little help from the 
ground. The functions of instrumentation, sequencing, caution and warn- 
ing sensing, and checkout will have to be combined into a computer- 
controlled data-mamgement-system approach if the space shuttle is to be 
operated completely independently of operational ground stations. 
ever, the step from the present Apollo approach, which maximizes the 
How- 
use of ground support, to the goal of no ground support at all is a big 
step and may not be completely achievable with the initial shuttle 
development. Finally, it should be possible to simplify and minimize 
some of the communications-equipment redundancy and multiple spacecraft 
antennas used in the past because the operating regime of the shuttle 
will contain few unknowns. 
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